Force oscillations and flow around submerged objects at low Reynolds numbers are very important subjects in marine environments. On the other hand, NACA hydrofoils and circular sections are two of the most prevalent shapes that are applied in marine systems and due to the stated reason their hydrodynamic investigation becomes immensely important. Accordingly, in this paper, a flow solver has been developed based on finite volume method, and flow interactions between circular cylinders and NACA-0018 hydrofoils have been considered. For this purpose, different parametric studies have been conducted on the angles of attack and the distance of the foil from the cylinder at three different Reynolds numbers of 100, 200, and 300. Moreover, frequency of the lift and drag coefficients have been analyzed in different cases. As a result, suitable arrangements of the cylinders and foils are determined in the context of an energy conversion system where force fluctuation is helpful and flow around foils and cylinders where fluctuation of forces around them are harmful and vibration or noise propagation should be controlled.
Introduction
Circular and foil shapes objects have many applications in marine vehicles and structures such as submarines, ships, and bridges over rivers. Generally, flow around bodies at low Reynolds number exhibits various types of swinging. Meanwhile, hydrofoils are used in energy conversion systems in underwater conditions. In these systems, fluctuation of pressure on hydrofoils causes movement of hydrofoils. As a result, electricity can be produced from the relocations of hydrofoils. One of the ways of generating the fluctuation of pressure is to place a cylinder in front of the foil. This phenomenon leads to vibration and generation of different sounds which makes the investigation of the behavior of fluid and forces around these objects interesting, if not imperative. This task can be accomplished through experimental and numerical approaches. Many researches have been devoted to these types of investigations which are surveyed, next.
In 1960, Roshko [1] experimentally studied flow past a cylinder at very high Reynolds number and Strouhal and drag coefficients were investigated. Merrick and Bitsuamlak [2] investigated flow control around cylinders numerically and experimentally at high Reynolds number by changing the roughness of the surface.
Many researchers have also studied flow around cylinder, numerically. Fornberg [3] implemented new boundary condition at far field in the analysis of flow around cylinder. He used polar coordinate for the computational domain. Reynolds numbers considered in his analyses were under 300. Braza et al. [4] investigated the pressure and velocity distributions around cylinder at three Reynolds numbers up to 1000 at the near field. They applied ADI method to solve momentum and continuity equations. Liu et al. [5] also applied multi-grid methods to solve unsteady incompressible flow. They analyzed flow past cylinder for validation of their solver at Reynolds number of 200 and compared their results against several numerical and experimental data. Ding et al. [6] presented a new method for solving steady and unsteady Navier-Stokes equations. Their method was based on finite difference and meshless approach and they investigated flow around a cylinder at low Reynolds number for assessing their method. On the other hand, Meanwhile, Catalano et al. [7] investigated behavior of flow around cylinder by using two dimensional RANS and LES approach at high Reynolds number. Rahman et al. [8] also used finite volume approach to solve URANS equations. They studied flow passing a cylinder in laminar and turbulence regimes. Rajani et al. [9] analyzed vortex shedding of two and three dimensional circular cylinders in laminar flow. URANS equations were solved by applying finite volume scheme in these simulations. Kanaris et al. [10] also investigated flow around circular cylinder in a plane channel by two and three-dimensional DNS method. These analyses were conducted at low Reynolds numbers and vortex shedding was captured in different cases. Keramati et al. [11] studied flow past a cylinder numerically in laminar regime. They used finite volume method to solve navier stokes equations. On the other hand, Sato and Kobayashi [12] performed different analyses on wake flow of the current past a cylinder in laminar regime. For this purpose, they used Abaqus software to solve the governing equations, numerically. Selstad [13] studied flow past a circular cylinder in turbulent regime. For simulating this problem, STAR-CCM software was used. Also, LES method was employed for turbulence modeling. Ghadimi et al. [14] considered the effect of splitter plates on vortex shedding of a cylinder and probed into Different experiments have also been conducted on flow around foil sections. Hu and Yang [15] conducted several experiments for investigating the flow separation near foils at low Reynolds number. Alam et al. [16] performed an experimental study on the behavior of flow near NACA 0012 foil at low Reynolds numbers. They considered wide range of angles of attack for different tests. Meanwhile, vortex shedding of different foils was studied by Yarusevych et al. [17] , experimentally. They examined foils at three angles of attack and recorded pattern of the flow passing foils. On the other hand, specifications of flow around NACA 0018 were determined by Gim and Lee [18] experimentally. They demonstrated the form of tip vortex of this foil in several angles of attack.
Several papers have been presented which have examined flow around hydrofoils from various aspects. Sahin et al. [19] developed a fluid flow solver through DNS approach. The purpose of their code was to simulate flow separation around Eppler hydrofoils. Chung [20] also conducted a numerical study on the performance of rowing hydrofoils. He used a combined finite volume and cut cell approach to discretize the Navier-Stokes equations. Mateescu and Abdo [21] analyzed behavior of the fluid near the cambered hydrofoils at very low Reynolds numbers, numerically. Sparks [22] carried out some tests for the analyses of flow around corrugated foils at low Reynolds number. Ashraf et al. [23] considered the effects of velocity, thickness and camber on flapping NACA foils. They investigated performance of foils in propulsions systems and exported coefficients of pressure and thrust. In 2012, Mateescu et al. [24] analyzed flow around different hydrofoils near the wall boundary at low Reynolds numbers, numerically. For this purpose, they developed a Navier-Stokes solver based on the ADI scheme. Karim et al. [25] carried out simulation of NACA 0015 hydrofoil moving near the water surface. They applied combined RANS and VOF solver to analyze the generated surface wave from the foil. Also, Xu and Wu [26] used boundary element method for modeling the flow past an oscillatory hydrofoil. They specified the effects of periodic motion on lift and drag coefficients and Strouhal number.
As evident in the presented literature review, flow around foil, foil with flap, circular cylinder, and circular cylinder with splitter plate have been studied in different cited works. However, in the current paper, flow interaction between circular cylinders and foils are investigated at low Reynolds numbers. Accordingly, a flow solver is developed based on finite volume method and flow interactions between circular cylinders and NACA-0018 hydrofoils have been considered. Different parametric studies are conducted on the angles of attack and the distance between the foil and the cylinder at three different Reynolds numbers of 100, 200, and 300. Furthermore, frequency of the lift and drag coefficients are analyzed in different cases and suitable arrangements of the cylinder and foils are determined for the equipments based on the helpfulness or harmfulness of the force fluctuations around them.
Governing Equations
One of the most suitable methods for the analysis of flow field is solving the NavierStokes equations. These equations include momentum equations as and continuity equation as l is the characteristic length and v is the kinematic viscosity. Discretization of the Navier-Stokes equations is outlined in the next section.
Numerical Method
As pointed out earlier, Navier-Stokes equations are the governing equations which are nonlinear. Pressure and velocity are coupled in N-S equations and different methods have been proposed to discretize them. In the current study, Finite Volume Method (FVM) is applied to solve the N-S equations and Fractional step method proposed by Kim and Choi [27] is adopted in order to achieve faster convergence for the velocity and pressure. Based on this numerical approach, Navier-Stokes equations are solved in four steps:
Step 1: Solving the momentum equations and calculating ˆi u by equation
Step 2: Correction of the velocity and computing * u from the relation
Step 3: Solving the Poisson's equation for the new pressure
Step 4: Correcting the velocity and determining the
This procedure is applied to specify the velocity and pressure in every time step.
Assessment of flow interactions between circular cylinders and Saman Kermani, Parviz Ghadimi NACA-0018 hydrofoils at low Reynolds numbers 107 For discretization of the above equations, integration must be performed over each cell. After integration and using the divergence theorem, these equations in summation form become In these equations, A is the cell area, f N is the number of faces in each cell, l  is the length of each face, and i n is the unit normal vector of each face. Also, u is the interpolated velocity which is obtained by the Rhie and Chow method. Meanwhile, n   is the normal derivative on each cell face which is determined through an approach outlined in reference [27] . According to this reference, normal derivative for the unstructured mesh cell (Figure 1 ) is defined as follows: In Equation 15 , O1 and O2 are the centers of two adjacent mesh cells, d1 is the normal distance from face AB to point O1, d2 is the normal distance from face AB to point O2,  is the angle between the line O1O2 and the normal line to the face AB, s  is the distance from A to B, while Of is the center of the face.
A flow solver is hereby developed for computing the mentioned equations. The flow solver is written in C language and GNU-GCC compiler is applied for compiling and running the developed code. The prepared code was executed on a computer with an Intel core i7-870 CPU. The frequency of cores associated to this CPU is 2.93GHz. Computational domain and problem setup are described in the next section.
Problem Setup
Computational domain and boundary conditions are illustrated in Figure 2 . Diameter of the cylinder and chord length of the foil (NACA-0018) are designated to be D. Blockage ratio for all analyses is set to be 1/8. Moreover, distance of the cylinder from the domain inlet is assumed to be 10D and distance of the cylinder from the domain outlet is assumed to be 20D. Boundary conditions of on the cylinder, foil, top and bottom of the domain are assumed to be no slip wall. For investigating the flow interaction between circular cylinders and the hydrofoils, several analyses are considered. First, validation of the developed Navier-Stokes solver is performed through a lid driven cavity problem and flow around a cylinder at Reynolds number of 200. Subsequently, NACA-0018 hydrofoil is considered at six different positions and three angles of attack at the downstream of the cylinder which are listed in Table 1 .
All of the intended analyses are carried out at three Reynolds numbers of 100, 200, and 300. In all the considered cases, D is assumed to be 1m and the inlet velocities for the three Reynolds numbers of 100, 200 and 300 are 0.0001004 m/s, 0.000208 m/s, and 0.0003012 m/s, respectively. 
Results and Discussion

Validation
Validation of the developed flow solver is accomplished based on a lid driven cavity problem at Reynolds number of 1000 and flow over a cylinder at Reynolds number of 200.
For the first validation case, a square computational domain with dimensions 1m is assumed. Also, 10000 meshes are used to solve the cavity problem. Velocity field for the flow at Reynolds number of 1000 is displayed in Figure 3 . The computed lift and drag coefficients at Re=200 are displayed in Figures 8 and 9 , respectively. Figures 8 and 9 show that results are steady after 40 seconds. The simulation of 40 seconds of the flow over a cylinder takes about 8 hours by the developed computer code. The computed lift and drag coefficients as well as the Strouhal number are compared against the results of two experimental and numerical studies in Table  2 . Based on the comparison presented in Table 2 , maximum error of the solver is found to be approximately 10 percent. Based on this observation, one may conclude the accuracy of the developed flow solver in predicting pressure and velocity fields.
Plots of the drag and lift coefficients in
Numerical Results
In this section, flow interactions between NACA-0018 hydrofoils and circular sections are analyzed in 12 different foil cases which were described in Table 1 As evident in Figure 10 , all contours become steady in 100 seconds. Lift coefficients of the cylinder in case 9 are also shown in Figure 11 . Based on these graphs, convergence is achieved sooner by higher Reynolds number. Lift and drag coefficients as well as Strouhal number for NACA foil and cylinder in all cases are presented in Tables 3 and 4 . As observed in Table 3 , Strouhal number is decreased when longitudinal distance of the foil from the cylinder is equal to D. Likewise, when foil is situated at the center line of the cylinder, minimum Strouhal number is achieved. It is also seen that variation of the foil position in y direction has no effect on the mean value of the drag coefficient of cylinder at three Reynolds numbers, but this coefficient is reduced by about 10 percent when the foil gets closer to the cylinder, as shown in Figure 12 . Variation of the amplitude of lift coefficient for the cylinder in cases 1 through 6 is illustrated in Figure 13 . Maximum value of the amplitude of L C is seen at a longitudinal distance equal to 3D at all Reynolds numbers. Also, the amplitude at Re=200 is found to be higher than the amplitudes at Re=100 and Re=300 by about 40% and 17%, respectively. Average value of the foil lift coefficients for cases 1 through 6 are displayed in Figure  14 . In these cases, angle of attack is considered to be zero. Mean value of L C is about zero when the foil is situated at the center line of the cylinder, but sizable variation is observed when Ly is equal to 0.5D, while maximum absolute value is seen in case 5 at Reynolds number of 200. Figures 15 and 16 , respectively. Amplitude of the lift coefficients for these cases displays same behavior. Maximum value of this parameter is seen at Re=200 when the foil is placed along the center line of the cylinder, while minimum value occurs at Ly=0.5D and Re=100. Amplitudes of the drag coefficients display the same behavior, as well. Drags of the foils situated along the center line of the cylinder are greater than those in other positions by about 50 percent. Moreover, changes in the amplitude of the lift are 10 times more than changes in the amplitude of the drag. In other words, forces in y direction are significantly greater than forces in x direction. Mean value of L C for different angles of attack are displayed in Figure 17 . Lift coefficients of the foils situated along the center line of the cylinder, start from zero but coefficients of other foils start from a negative value because they are placed under the center line. At Re=100 ,rate of growth of the coefficient for foils under the center line is higher than that of foils situated at the center line and their values are matched at 9 degrees angle of attack. C is seen at Re=200 when the foil is placed on the center line. Minimum amplitude of the drag coefficients is seen to happen at Re=100 and Ly=0. Also, Figure 18 illustrates that growth rate of the amplitude of D C for middle foils is more than that of foils under the center line. Moreover, maximum amplitude of the drag for different angles of attack is seen to occur at Re=200. 
Conclusions
Flow interactions between NACA-0018 hydrofoils and circular sections are investigated and force oscillations around these profiles are studied. To achieve this goal, a Navier-stokes solver is developed through FVM approach. The developed code is validated by a lid driven cavity and flow over a cylinder. Subsequently, flow interaction between the mentioned objects is investigated for different angles of attack and several distances of the foil from the cylinder.
In some marine equipment such as energy conversion systems, fluctuation of force is helpful, while in some others like flow around foils or cylinders, force oscillations should be controlled in order to prevent vibration or sound propagations. Based on the results of the current study, suitable positions of a hydrofoil from a cylinder is determined for different low Reynolds numbers. For example, a distance Lx=3D at Reynolds number of 200 is found to be an appropriate position for an energy conversion system where the lift oscillation is at its maximum. On the other hand, minimum space from a foil to a cylinder is found to be suitable for equipments whose force fluctuations are harmful for them where the fluctuation of the lift and drag is at its minimum.
Complete analyses have also been carried out on the frequency of lift and drag amplitude of the cylinder and NACA-0018 hydrofoil in the current study. The obtained results indicate that frequency of the lift is decreased when the foil gets closer to the cylinder. Meanwhile, graphs of the drag coefficients of NACA-0018 foil at different angles of attack demonstrates that frequency of the drag could reach the frequency of the lift by an increase in the angle of attack. This phenomenon occurs for NACA-0018 foil under the effect of vortex shedding of the cylinder.
